Summary. The effect of work-induced hypertrophy (without any concomitant change in circulating parameters) on skeletal muscle metabolism was studied in lean mice and in goldthioglucose obese-mice. Soleus muscle was functionally overloaded in one leg by tenotomy of gastrocnemius muscle 4 days before muscle isolation, muscle in the other leg being used as control. Basal deoxyglucose uptake and glycolysis were markedly increased in overloaded muscles compared with control muscles, together with a ten-fold increase in fructose 2-6 bisphosphate content. In the presence of maximally effective insulin concentrations, deoxyglucose uptake and glycolysis were identical in overloaded and control muscles of lean mice, while the effects of overload and insulin were partly additive in muscles of goldthioglucose-obese mice. The sensitivity to insulin and insulin binding to muscles were not modified in overloaded muscles. Insulin-stimulated glycogenogenesis was decreased by about 50% probably due to a lower amount of glycogen synthase in overloaded than in control muscles. Thus, in muscles of goldthioglucose-obese mice work-induced hypertrophy increased the response to maximal insulin concentrations without modifying the altered insulin sensitivity and decreased insulin binding.
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Muscle tissue from obese hyperinsulinaemic animals displays a number of abnormalities including a defect in glucose transport and utilization, an altered aminoacid transport and a decrease in insulin binding [1] [2] [3] [4] [5] . This results in decreased insulin sensitivity and responsiveness of this tissue, which largely contribute to the marked insulin resistance observed in genetically-or experimentally-induced obese syndromes. In normal man and animals it has been demonstrated repeatedly that physical training is associated with an increase in overall insulin sensitivity in vivo [6] [7] [8] [9] [10] [11] ; skeletal muscle seems to contribute essentially to this increased insulin sensitivity [9] [10] [11] . In obese animals, although physical training by treadmill running or by swimming improves tolerance, insulin resistance in muscle is either unchanged [7, 8] or partly reversed [7] .
In the present study, we used the following approach. By cutting the connection of the gastrocnemius muscle to the ankle of one single leg, an important work load is applied to the soleus muscle which undergoes rapid compensatory hypertrophy [12] . Taking advantage of this experimental technique, we compared a hypertrophied, overloaded muscle in one leg with a control muscle in the other within the same animal, and we studied the effect of this form of exercise on glucose uptake and metabolism in lean and goldthioglucose-obese mice.
Materials and methods

Animals
Male Swiss albino mice (age 7-8 weeks) were fed ad libitum with laboratory chow (Usine d'Alimentation Rationnelle, Villemoisson, Epinay/Orge, France) and maintained in a constant-temperature animal room (23~ with a fixed 12-h artificial light cycle (07.00-19.00hours) until they were killed (9.00-11.00hours). Mice were rendered obese by a double injection of goldthioglucose given at 3 weeks of age [3] and were used at 25-30 weeks when obesity was fully expressed.
Surgical procedure and soleus muscle isolation
Mice were anaesthetised with ether. On the tenotomy hind limb, the tendon of the gastrocnemius muscle was dissected free from the soleus, cut and separated to prevent tendon re-approximation by fibrosis [12] . Following tenotomy of the gastrocnemius, the work load on the soleus muscle was increased and the muscle underwent rapid compensatory growth. Sham operations were not routinely performed because pilot experiments revealed no difference between muscles from sham-operated or non-operated legs (data not shown). Four days after tenotomy, the mice were killed by cervical dislocation and the soleus muscles were isolated and incubated as described previously [t, 3] . Muscles were isolated free from the leg, attached to a stainless steel holder and suspended individually in flat-bottomed glass tubes. Each muscle was immersed in t ml of Krebs-Ringer bicarbonate buffer (pH 7.4) [13] containing t0 mg/ml defatted bovine albumin (KRB-BSA) and the additions specified for each experiment. The tubes were sealed with rubber stoppers and gassed with O2:CO2 (95%:5%, vol/ vol) during a pre-incubation period of 15 min and the first 10 rain of the incubation periods described as follows.
Deoxyglucose uptake studies
Muscles were first incubated for 60min at 37~ in the medium described above, supplemented with pyruvate (2 mmol/1) and containing varying concentrations of insulin. They were then incubated for 15 min with 2-deoxy-D-(1-14C)-glucose (0.5 mmol/1, 0.1 ~tCi/ml). At the end of the incubation, muscles were washed for 30 min in ice-cold NaC1 solution (154mmol/1), dissolved in 0.3 ml of NaOH (1 mol/1) and an aliquot sample was counted [3] .
Glucose metabolism studies
Glucose utilization by muscle was studied by measuring simultaneously the rate of formation of 3H20 from (3-3H)-D-glucose, an index of glycolysis, and the incorporation of 3H into glycogen at 37 ~ Muscles were incubated for 60 min in the same buffer as indicated above, supplemented with glucose (5 mmol/1, I l.tCi/ml) and containing varying concentrations of insulin. At the end of incubation, 3H20 in the medium and labelled glycogen in muscles were measured as described elsewhere [3] . 
Glycogen synthase activation studies
For measurement of glycogen synthase activity, muscles were incubated for 30 min at 37 ~ in the KRB-BSA buffer, supplemented with pyruvate (2 mmol/1) and varying concentrations of insulin. At the end of the incubation period, muscles were freeze-clamped in liquid nitrogen, and briefly (5 s) sonicated (Alcatel, Sonifier, France) at 0 ~ in 0.5 ml of cold buffer [Tris-buffer (50mmol/1), pH 8.2, EDTA (5 mmol/1), potassium fluoride (100 mmol/1)]. After centrifugation at 10000 g for 5 rain at 4~ synthase activity was assayed in the supernatant as described previously [5] . Glycogen synthase active form is expressed as a percentage of the total synthase activity [5] .
Insulin binding studies
Muscles were incubated for 4 h at 20 ~ in i ml of KRB-BSA buffer, supplemented with pyruvate (2 mmol/1) and containing 0.1 ~tCi/ml, msI-insulin (sp. act. 200-240 ~tCi/Fg ). Some muscles were incubated with unlabelled insulin (1 lxmol/1) to measure non-specific binding. Muscles were then washed for 30 min in NaC1 (154 mmol/1) solution, dissolved in 0.5 ml of NaOH (1 mol/1) and counted.
Measurement of intracellular and extracellular spaces
Muscles were incubated for 10min in KRB-BSA buffer containing 3H20 (1 lxCi/ml) and (14C) sucrose (0.5 ttCi/ml). At the end of the incubation period, tendons were carefully removed, muscles were dissolved in NaOH (1 mol/1) and the radioactivity measured to obtain the extracellular space (14C space) and intracellular space (3H space minus 14C space).
Plasma determination
When necessary, mice were anaesthetised with sodium pentobarbital (100 mg/kg body weight, intraperitoneally) and a blood sample was withdrawn from the retroorbital sinus. Blood samples were centrifuged at 10000g for 5 min at 4~ and the plasma used for determination of glucose and immunoreactive insulin with mouse insulin used as standard [3] .
Muscle glycogen and fructose 2-6 bisphosphate contents
Muscle glycogen content was determined enzymatically as described elsewhere [14] . For fructose-2,6-Pz determination, muscles were sonifi- 
Muscle protein and glycogen contents were measured after removal of tendons without any incubation. Values are expressed as mean + SEM Deoxyglucose uptake was measured during a 15-min incubation period after 30 min pre-incubation with or without insulin (33 nmol/1), and with or without phloridzin (5 mmol/1) as described in Figure 2 . Each value is the mean + SEM of five muscles ed in NaOH (50 mmol/1) and treated at 80 ~ for 5 min. Fructose-2,6-P2 was then assayed in alkaline extracts as described previously [151. 
Chemicals
Calculations and statistical analysis
An aliquot sample of alkaline solution of muscle was kept for protein determination of each individual muscle preparation, bovine serum albumin being used as standard [3] . All results are expressed per mg of protein and are presented as mean + SEM for the number of individual muscles indicated. Statistical significance was assessed by Student's t-test for paired comparisons when the overloaded muscle and the control muscle from the same animal were compared. When muscles from different animals were studied, Student's t-test for unpaired comparisons was used [16] .
Results
Time course of work-induced hypertrophy of soleus muscles
Following tenotomy of the gastrocnemius muscle, the soleus muscle underwent rapid compensatory hypertrophy, the time-course and the degree of which were similar to that obtained in rats [12] . Wet weight of soleus muscles of lean mice increased by 50% within 3 days compared with the weight of the contralateral muscle (Fig.l) . Similar results were obtained in muscles of GTG-obese mice (data not shown). All subsequent experiments were thus performed 4 days after tenotomy when hypertrophy was maximal. The increase in protein content due to exercise was moderate (15% over control; Fig. 1 ). Results were calculated per mg protein and the conclusions were identical when the results were expressed per whole muscle. The increase in muscle wet weight was mainly due to an enlargement of the extracellular space without any change in the intracellular space ( Table 1) . As expected, tenotomy did not modify insulinaemia, glycaemia or body weight (Table 1) . GTG-obese mice remained slightly hyperglycaemic and markedly hyperinsulinaemic. Thus, we were able to study the effects of work-induced hypertrophy without any concomitant change in circulating parameters, each hypertrophied muscle being compared with the control muscle from the same animal.
Effect of work-induced hypertrophy on 2-deoxyglucose uptake
The uptake of 2-deoxyglucose by muscles was used as an index of glucose transport and phosphorylation. Overloaded muscles of lean or obese mice accumulated much more 2-deoxyglucose than control muscles in basal conditions (in the absence of insulin; Fig.2 ). Work-induced hypertrophy was accompanied by an inflammatory response characterized by oedema (Table 1) and leucocyte infiltration [17] . To eliminate the possibility that the increase in glucose uptake rate was a response to inflammation, muscles were pre-incubated with phloridzin (5 mmol/1) because glucose penetration occurs in granulocytes by passive diffusion which is not modified by phloridzin [18] , while in muscle glucose is transported through an active process which can be inhibited by phloridzin [19] . The results presented in Table 2 show that 78% of the increase in basal glucose Fig.3 . Effect of work-induced hypertrophy on insulin dose-response curves of glycolysis in soleus muscles of (A) lean and (B) GTG-obese mice. Overloaded (O--9 or control (0------0) muscles were incubated for I h at 37 ~ in I ml KRB-BSA, 5 mmol/1 (3-3H)-glucose and insulin at the concentrations indicated. Each point is the mean__+ SEM of five to ten muscles phloridzin, suggesting that this increase could not be accounted for by leucocyte infiltration. With maximally stimulating insulin concentrations, deoxyglucose transport was similar in control and overloaded muscles of lean mice (Fig.2) . The pattern observed in GTG-obese mice was different in that 2-deoxyglucose uptake was increased in overloaded muscles even at maximally effective insulin concentrations (Fig. 2) . When the results were expressed as a percentage of maximal insulin effect, the dose response curves obtained in overloaded and control muscles of lean mice were superimposable (data not shown). However, it should be noted that the determination of halfmaximally effective concentration (ECs0) was obscured by the low amplitude of insulin effect in overloaded muscles. As already reported [3] , control muscles of GTG-obese mice were less sensitive to insulin (ECs0 0.8 nmol/1) than control muscles of lean mice (ECs0 0.4nmol/1). Furthermore, work-induced hypertrophy did not modify insulin sensitivity of muscles from obese mice (EC~0 = 1 nmol/1).
Effect of work-induced hypertrophy on insulin binding to soleus muscles
Total binding of 125I-insulin was slightly increased in hypertrophied compared with control muscles (Table 3 ). This increase could be accounted for entirely by a more important proportion of non-specific binding (due to a larger extracellular space). Thus, specific binding was not modified in overloaded muscles. As described earlier [3] , muscles of obese mice bound less insulin than muscles of lean mice (Table 3) .
Effect of work-induced hypertrophy on glucose metabolism in muscles
The fate of glucose taken up by the muscle through glycolysis and glycogen synthesis was then measured. Glycolysis reflected the results obtained for 2-deoxyglucose uptake: basal values were markedly increased in overloaded muscle compared with control in both groups of mice (Fig. 3) . In the presence of maximally-effective insulin concentrations, glycolysis was identical in control and overloaded muscles of lean mice, while in GTGobese mice, overloaded muscles displayed higher glycolytic rates than their controls. The values reached in muscles of GTG-obese mice were similar to the maximal values obtained in lean mice. Insulin sensitivity of the glycolytic pathway seemed higher in overloaded muscles of GTG-obese mice than in controls, but this apparent difference was difficult to appreciate because of the low amplitude of the insulin effect, due to the high basal values.
Glycogen synthesis was decreased at all insulin concentrations tested in overloaded muscles compared with control muscles (Fig. 4 , the difference observed in basal conditions was not statistically significant). This was observed whatever the length of incubation between 15 and 60 min (data not shown). This decrease in glycogen synthesis cannot be attributed to a change in muscle glycogen content since this parameter was not modified in hypertrophied muscle (Table 1) . Total glucose metabolism, as estimated by the sum of glycogen synthesis and glycolysis paralleled 2-deoxyglucose uptake, although differences in maximally insulin-stimu- Values are expressed as mean + SEM of the number of muscles indicated in parentheses thase activity ratio was decreased both in overloaded muscles of lean and GTG-obese mice. When muscles from lean mice were incubated with a maximally effective insulin concentration, the change in percentage active form was 15% in control muscles and 11% in overloaded muscles and thus the value reached with insulin in hypertrophied muscles was much lower than that obtained in control muscles. Furthermore, total glycogen synthase activity was lower in overloaded muscles than in control muscles (14.9 + 2.0 versus 24.5 + 0.9 nmol. min-1. mg-1 protein, mean _+ SEM of seven values). In control muscles of GTG-obese mice, insulin had a very small effect in activating glycogen synthase, and workinduced hypertrophy did not modify this response. In those animals also, hypertrophy resulted in a decreased total glycogen synthase activity (25.7 _+ 1.4 and 19.6 + 1.2 nmol-min-1. mg-1protein, mean + SEM of seven control and overloaded muscles, respectively).
Effect of work-induced hypertrophy on fructose-2, 6-P2 content of muscle
Fructose-2,6-P2 has recently been shown to be a potent stimulator of phosphofructokinase [21] and changes in its concentration have been related to changes in glycolytic fluxes. We therefore looked for fructose-2,6-P2 content in overloaded and control muscles (Table 4) . Fructose-2,6-P2 content measured in muscles without any prior incubation was increased almost ten times in overloaded compared with control muscles (no difference was observed between lean and GTG-obese mice). Incubation with glucose or glucose + insulin more than doubled fructose-2,6-P2 content in control muscles, but had no effect in overloaded muscles.
Discussion
In soleus muscles of lean mice, the first effect of workinduced hypertrophy was to stimulate markedly glucose uptake and phosphorylation. Following tenotomy of cle undergoes rapid compensatory growth. This fibre enlargement presumably represents the response of the muscle to elevated contractile demands and/or stretch placed on the muscle by removal of the synergists [22] . The increase in glucose uptake may be due to passive stretch rather than, or in addition to, an increase in activity. A persistent increase in permeability to sugar appears to be a general physiological response of skeletal muscles to exercise, e.g., electric stimulation of sciatic nerve produced a tenfold increase in the rate of glucose uptake [23, 24] . Decreased muscle glycogen content seems to be a major determinant of increased glucose uptake [25] . When glycogen content was moderately depleted only, glucose uptake was similar in the hindquarters of exercised and control rats [10] . In our study, increased deoxyglucose uptake and phosphorylation cannot be attributed to depleted glycogen depots, since skeletal muscle glycogen levels showed no differences between control and overloaded muscles. Thus, other factors are probably involved in the increase in glucose uptake during exercise in muscle. Glucose, which is taken up at a higher rate in overloaded muscle, is preferentially directed through the glycolytic pathway [26, 27] . Glycolysis is mainly regulated in liver and muscle at the level of phosphofructokinase. In liver, fructose-2,6-P2 has recently be described to be the most potent positive effector of this enzyme [21] , but few studies have been performed in muscle. We have found that in exercised muscles, the concentration of fructose-2,6-P2 increases almost tenfold, an increase which could be responsible for the marked stimulation of the glycolytic flux observed in the same muscles. Incubation of control muscles with glucose also increased fructose-2,6-P2 content, but no further additional effect of insulin was observed. It is likely that fructose-2,6-P2 plays a major role in controlling muscle glycolysis, as in liver [21] . This finding is at variance with the results obtained in hind limb perfused muscle, in which electrical stimulation decreased fructose-2,6-P2 content [28] . This could be due to the fact that in the conditions used muscles were tetanized.
When overloaded muscles of lean mice were incubated with maximally effective insulin concentrations, no additive effects of work-induced hypertrophy and insulin were observed for either glucose uptake and phosphorylation or glycolysis. Furthermore, no changes in insulin sensitivity or insulin binding could be observed in overloaded compared with control muscles. Glycogen synthesis was decreased in exercised muscles of lean mice in response to submaximal or maximal insulin concentrations compared with control muscles. This appears not to be due to an increase in glycogen content in muscles before the incubation period. It is more likely the consequence of a decrease of both the percentage of glycogen synthase active form and the total amount of the enzyme.
In accordance with previously reported results [1-3,5], control muscles of GTG-obese mice displayed abnormalities of glucose transport and metabolism, decreased responsiveness and sensitivity to insulin. Thus, tenotomy of the gastrocnemius muscle of one leg did not modify the usual insulin resistance observed in muscles of GTG-obese mice in the contralateral non-operated leg. Work-induced hypertrophy (in the absence of insulin) produced the same effects in GTG-obese mice as in lean mice. Basal deoxyglucose uptake and phosphorylation and glycolysis were markedly increased, and fructose-2,6-P2 content was more than tenfold higher in overloaded muscles.
Opposite to the results observed in lean muscles, the effects of overload plus insulin were larger than the effects of insulin alone on glucose uptake and glycolysis. With maximal concentrations of insulin, the values obtained in overloaded muscles of GTG-obese mice reached those in lean mice. Thus, work-induced hypertrophy was able to compensate for decreased insulin responsiveness observed in GTG-obese muscles. Additive effects of insulin and work induced by pressure were also observed in perfused hearts from obese Zucker rats [29] . The mechanisms of such effects of exercise are unknown. In rat diaphragm, insulin stimulates glucose transport through a translocation of functionnally identical glucose transport systems from an intracellular pool to the plasma membrane [30] . It has been shown that, in insulin-resistant states induced by high fat diet or ageing [31, 32] decreased glucose transport in adipocytes correlates with a decreased pool of intracellular glucose carriers. It is possible that such a mechanism occurs in the muscle of obese mice. Workinduced hypertrophy would increase the pool of intracellular glucose transport systems which are then able to be recruited by insulin. By contrast, the decreased insulin sensitivity (i. e. the decreased response to submaximally effective insulin concentrations) was not alleviated by exercise. The observation that work-induced hypertrophy did not result in any change in muscle sensitivity to the hormone was supported by the finding that no change occurred in insulin binding which remained decreased in GTG-obese mice. This result is in agreement with the observations that in soleus muscles of genetically obese Zucker rats [8] or in perfused hind limbs of old Zucker rats [7] exercise did not increase insulin sensitivity. Finally, work-induced hypertrophy did not appear to reverse an intracellular defect observed in muscles of GTG-obese mice. Insulin was as ineffective in activating glycogen synthase in control and overloaded muscles of GTG-obese mice.
In conclusion, work-induced hypertrophy is able to compensate for the insulin-resistant state observed in isolated muscles of obese mice, without correcting all the defects observed in this tissue. There is an increase in glucose uptake and glycolysis, both in the absence or presence of maximal insulin concentrations without any modification of insulin binding or insulin sensitivity.
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